Dual RNA-Seq is the simultaneous retrieval and analysis of host and pathogen transcriptomes.
Introduction query "(malaria OR Plasmodium) AND RNA-Seq". This function searches all fields. We manually 85 curated the combined results and added studies based on a literature review using the terms described 86 for the "getSRA" function in SRA, PubMed and Google Scholar. From this search resulting in 196 87 studies, we disregarded 91 studies, all of which provide data from vectors and non-target hosts (e.g. 88 avian malaria). 49 more studies were excluded because their gene expression data was derived from 89 Plasmodium. spp in blood-stage Plasmodium cultures and thus can be expected to be devoid of 90 host mRNA. We then used SRAdb and the prefetch and fastq-dump functions from SRAtoolkit [6] , to 91 download all replicate samples (experimental replicate or "run" in the jargon of sequencing databases) 92 of the selected studies. The final curation of studies and download of runs was performed on 21 January, 93 2019. 94 In total, we found 56 potentially suitable studies in this database and literature review ( Figure   95 1a). Homo sapiens was the host organism for 22 studies, Mus musculus for 24 and Macaca mulatta 96 for 10. Human studies featured P. falciparum and P. vivax. P. yoelii, P. chabaudi and P. berghei were 97 used in mouse infection studies. P. berghei was additionally used to infect human liver cell culture. 98 Macaque studies included P. cynomolgi and P. coatneyi infections (table 1) . 99 We note that 20 of the 56 studies depleted (or enriched, respectively) specific classes of cells from 100 their samples. The low number of parasites cells at the physiologically asymptomatic liver stage [30] , 101 on one hand, gives the opportunity to test the effect of sporozoite-derived vaccines [9, 23, 45] , but 102 on the other hand, makes it difficult to study Plasmodium transcriptomes in this stage. To reduce 103 overwhelming host RNA levels, 3 out of 10 liver studies sorted infected hepatoma cells from uninfected 104 cells. Similarly, 17 other studies have depleted or enriched host white blood cells (WBCs or leukocytes) 105 to focus expression analysis on Plasmodium or the host immune system, respectively. In all these 106 scenarios, we suspect depletion to be imperfect and thus the samples to potentially include mRNA of 107 both organisms.
108
For 15 out of the 56 studies, the authors state that they intended to simultaneously study host 109 and parasite transcriptomes ("dual RNA-Seq"). This includes 8 studies from MaHPIC (Malaria Host-110 Pathogen Interaction Center), based at Emory University, that made extensive omics measurements 111 in macaque malaria. The original focus of the remaining 41 studies was on the parasite in 20 and on 112 the host in 21 cases.
113
Besides invading liver and RBCs, Plasmodium parasites sequester in bone marrow, adipose tissue, 114 lung, spleen and brain (during cerebral malaria) [12, 18] . To study a comprehensive spectrum of host-115 parasite interactions, it would be optimal to have data from these different tissues. Our collection of 116 4 studies comprise data derived from blood and liver for all three host organisms. In addition, we have 117 found seven transcritpomic studies on spleen [1] [2] [3] 7, 19, 29, 36] and two studies on cerebral malaria [5, 48] 118 from mice. MaHPIC offers a collection of blood and bone marrow studies in macaques.
119
Experiments performed on mouse blood focus on the parasite instead of the host (11 vs. 0). Studies 120 on human blood infection focus more often on the host immune response than on the parasite (9 vs. 121 5). Liver and spleen studies focus on host and parasite almost equally as often, with sources for host 122 tissue in this case being either mice (in vivo) or hepatoma cell cultures (in vitro).
123
Below, we argue that small clusters of genes co-expressed across several such diverse conditions 124 might help point towards potentially novel core host-parasite interactions. In addition, the extent of RNA expression towards one organism is to be expected under native conditions. In studies originally 139 designed to use a dual RNA-Seq approach on blood stages, samples in which parasitemia is very high 140 are used. Samples with lower parasitemia, such as many of those for which, the original focus is mostly 141 on immune gene expression from leukocytes, the number of host reads is often overwhelming and these 142 samples are mostly not suitable for dual RNA-Seq analysis (table 1) .
143
Many studies using depletion or enrichment prior to RNA sequencing ("enriched/depleted" in fig. 1c ). For runs with high sequencing depth, the total number of expressed genes of the host 156 and parasite approaches the number of all annotated genes: around 30,000 for the mammalian host 157 and around 4,500 for Plasmodium. When sequencing depth is lower, the number of genes detected 158 as "expressed" is lower and a decrease in sensitivity can be expected to prevent analysis of poorly 159 expressed genes. We propose four parameters for suitability thresholds in dual RNA-Seq analysis: the 160 number reads mapping to (1)host and (2)parasite genes and the number of genes these reads map 161 to (expressed genes) in (3)host and (4)parasite. In table 1, we give the number of runs considered 162 suitable for three different combinations of thresholds. Without claiming a particular threshold to be 163 ideal, we propose to use thresholds to avoid uninformative runs in further processing to reduce the 164 unnecessary computational burden of co-expression analysis.
165
Suitable runs bearing "contaminants" at the thresholds chosen here are identified from human-P. 166 falciparum, macaque-P. cynomolgi, human-P. berghei and mouse-P. berghei systems. Unfortunately, 167 with current thresholds and currently available data, we highly under-represent human-P. vivax and 168 human-P. berghei systems, the two liver in vitro models. This outcome is understandable owing 169 to the low parasitemia in liver cultures [13] . We note that the thresholds could further be made 170 lenient enough to include more runs for these systems at the cost of analyzing only the most highly 171 expressed parasite genes. An alternative approach relies on using depleted/enriched samples for these 172 systems. For further analysis, however, including depleted/enriched samples could prove challenging 173 as discussed before. Analysis approaches such as multilayer networks (see below) might help to gauge 174 problems with such runs for the inference of co-expression in further steps of analysis. Identification of co-expressed genes via correlation techniques 176 Some genes are likely to show almost uniform expression under different experimental conditions (e.g.,
177
"housekeeping genes"). Naïve assessments of correlation could, however, identify pairs of such genes 178 as highly correlated. An analysis of co-expression can deal with this challenge in two different ways: 179 Firstly, the most variable genes within and across studies can be selected and other genes discarded. impracticable for very large datasets in the proposed meta-analysis. 198 We consider partial correlation as an additional approach that could be combined with the above 199 methods. Partial correlation can control pairwise correlations for the influence of other genes [26] .
200
In transcriptomic applications, full-conditioned partial correlation is computationally very expensive.
201
Some studies therefore resort to second-order partial correlation (relationship between two genes in-202 dependent of two other genes) [54, 55] . A suitable pipeline might first use zero-order partial, i.e., would require the construction of networks for each study in a single host-parasite system followed by 224 a multi-layered network analysis on these networks. 225 We anticipate that correlation between host and parasite transcript expression will highlight host-226 parasite interactions worth scrutiny of further focused research. As a second goal, meta-analysis 227 involving different host-parasite systems could give insights into how easily observations made in 228 malaria models can be translated to human malaria. If, e.g., certain groups of pathways show lower 229 evolutionary conservation in host-parasite co-expression networks, one could expect results on those 230 pathways to be more difficult to translate between systems. Finally, one can ask whether expression 231 correlation between host and parasite species is more or less evolutionarily conserved than within host 232 species in malaria [35, 49, 52] . [1] ERP002116. https://www.ncbi.nlm.nih.gov/sra/?term=ERP002116. Accessed: 21-01-2019.
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[24] Huber, W., Carey, V. J., Gentleman, R., Anders, S., Carlson, M., Carvalho, B. S., Bravo, H. C., 300 Davis, S., Gatto, L., Girke, T., Gottardo, R., Hahne, F., Hansen, K. D., Irizarry, R. A., Lawrence, 301 M., Love, M. I., MacDonald, J., Obenchain, V., Ole's, A. K., Pag'es, H., Reyes, A., Shannon, P., Smyth, 302 G. K., Tenenbaum, D., Waldron, L., and Morgan, M. Orchestrating high-throughput genomic analysis with 303 Bioconductor. Nature Methods 12, 2 (2015), 115-121. doi: https://doi.org/10.1038/nmeth.3252. Figure 1 : Proportion and number of sequencing reads and expressed genes from parasite and host in selected malaria RNA-Seq studies. We mapped sequencing reads from studies selected for their potential to provide both host and parasite gene expression data (total studies=56, total runs=3064; references in Supplementary File 1) against appropriate host and parasite genomes. (a) The percentage of parasite reads (x-axis) is plotted for each run in each study. The studies are categorised according to the host organisms and labeled "enriched/depleted" to indicate enrichment of infected hepatocytes or depletion of leukocytes from blood. Studies labeled "dual" were originally intended to simultaneously assess host and parasite transcriptomes. The colored area gives an estimation of the density of runs at a particular host-parasite percentage. The number of runs, "N", in each study are displayed. We also plot the number of reads mapped in each run against the number of expressed genes for (b)host and (c)parasite estimated based on this mapping. The number of expressed genes increases with sequencing depth towards the maximum of all annotated genes for the respective organism. The vertical lines indicate a threshold of 1,000,000 and 100,000 reads for host and parasite, respectively. The horizontal lines correspond to thresholds on the number of expressed genes at 10,000 and 3,000 for host and at 3,000, 1,000 and 100 for the parasite. At such exemplary thresholds, data could be considered sufficient for dual RNA-Seq analysis on both organisms. Figure 2 : Two strategies identified to reconstruct host-parasite interaction networks from SRA. We identified two approaches to obtain a consensus network involving multiple hosts and multiple parasites. We selected appropriate studies from SRA for this analysis. The aim is to find a set of important interactions in malaria using co-regulated gene expression and visualizing this information as a biological network. Using the first approach (figure (a)), we form single networks from single RNA-Seq datasets or single networks from all studies of a host-parasite system appended one after the other, using cross-species gene correlation. To obtain a consensus network for all hosts and all parasites, we use 1:1 orthologous genes names for all hosts and all parasites, rename these genes to show their equivalency and append them to form one big dataset. Next, we perform pairwise correlation of genes and finally, a network that will represent the direct interactions among orthologous genes. In (b), the second approach, we implement multi-layered network analysis to obtain a consensus network from several layers of individual networks. In this approach, we make single networks for individual RNAseq datasets. To obtain a network for a host-parasite system, we either append all datasets of the host-parasite system with each other and form a network, or we apply multi-layered network analysis on single networks to get the consensus. To reconstruct a network involving multiple host-parasite systems, we rename orthologous genes in each layer and then look for overlapping communities.
